Editorial
Two high-profile Phase III clinical trials of the immunosuppressant anti-CD3 monoclonal antibody returned disappointing results for patients with Type 1 diabetes (T1D) [1, 101] . Anti-CD3 had looked highly promising based on its excellent performance in Phase II clinical trials [2, 3] . What went wrong? One explanation may be that the dose of anti-CD3, which had been lowered for the Phase III trials, was insufficient to reactivate patients' prior EBV infection. EBV reactivation is a well-established side effect of immunosuppression. EBV reactivation, which had occurred in the Phase II clinical trials, was likely to have been one of the motivations for reducing the dose of anti-CD3 in the Phase III clinical trials. However, instead of being an unwanted side effect, EBV may have paradoxically contributed to the efficacy of anti-CD3 in the higher-dose Phase II trials. EBV reactivation, in other words, may be a desirable side effect as it relates to tumor necrosis factor (TNF) induction.
A beneficial role for EBV comes from understanding its pathophysiology and inf luence on the immune system. It has been known for decades that EBV, as part of the innate host response, is a potent inducer of host TNF. Some of the regulatory immune function of anti-CD3 requires TNF [4] . TNF has been known in animal models to suppress or prevent onset of T1D by selectively destroying insulinautoreactive T cells and inducing beneficial Treg cells, according to diverse evidence [5] [6] [7] . In a newly published randomized controlled clinical trial for T1D, acute EBV infection by itself, in the absence of any immunosuppressive treatment, induces TNF and leads to these salutary effects: death of insulin-autoreactive T cells that attack and destroy islets, induction of beneficial Treg cells and a transient restoration of insulin secretion assessed by C-peptide [8] . The clinical trial was designed to test the efficacy of the nonvirulent microbe BCG, another known inducer of host TNF. Serendipitously, a placebo patient in the trial had an acute, undiagnosed case of EBV infection at baseline. The patient completed the 5-month trial and was subjected to the same analyses as other patients. The placebo patient had the same robust responses against T1D as did the BCG-treated patients. The reason for the success is most likely because both microbes, EBV and BCG, induce release of host TNF [8] .
Closer examination of anti-CD3 clinical trials points to EBV reactivation as a possible contributor to efficacy. Using high doses of anti-CD3 antibody (34-48 mg/total dosing/70 kg), a Phase II clinical trial found that 30 of 40 treated diabetic subjects exhibited reactivation of EBV, manifested by EBV viral load and mono-like symptoms with onset 16-21 days after first administration of antibody [2] . This short-term, high-dose anti-CD3 antibody treatment preserved residual pancreas function in new onset T1D, as measured by C-peptide. Systemic TNF induction occurred within days of anti-CD3 administration [2] , an effect that could be attributable to both the EBV reactivation and the anti-CD3 antibody. In another high-dose Phase II anti-CD3 trial, a follow-up laboratory study found that monitored patients with acute elevations in EBV-reactive T cells also exhibited release into the circulation of EBV-reactive antibodies and autoreactive T cells [9] . Similarly, the BCG clinical trial found a rapid rise of autoreactive T cells days after onset of an acute EBV infection without anti-CD3 administration. By flow cytometry, the autoreactive T cells were mostly dead [8] . When dosing of anti-CD3 results in EBV reactivation, the combined induction of TNF may facilitate the death of autoreactive T cells. This effect was observed in the BCG clinical trial with the EBV placebo patient and the BCG-treated patients.
The mechanism by which TNF selectively kills insulin-autoreactive T cells is known to involve signaling defects in the TNF pathway in humans with T1D [5, 7] . More specifically, in the nonobese diabetic (NOD) animal model of T1D and Sjogren's syndrome, autoreactive T cells are selectively vulnerable to cell death in the TNF pathway because of abnormal proteasomes in lymphoid cells [10] [11] [12] [13] [14] . Normal proteasomes, upon TNF exposure, activate the transcription factor NF-κB, which then translocates to the nucleus to trigger expression of prosurvival genes. With an abnormal proteasome, NF-κB activation by TNF is blocked, precluding expression of pro survival genes, thereby leading to cell death. Normal T cells, unlike autoreactive T cells, are not vulnerable to TNF-induced death because they constitutively express NFκB; they do not rely on intact proteasomes for TNF intra cellular signaling and expression of prosurvival genes. TNF signaling is disrupted in other ways in several autoimmune diseases [15] .
The two unsuccessful Phase III clinical trials of anti-CD3 saw the near complete absence of EBV reactivation, defined as lacking mono-like symptoms and viral loads [1, 101] . Both trials failed to meet their prespecified clinical end points. One anti-CD3 clinical trial (otelixizumab) utilized a 15-fold reduced dosage of anti-CD3 antibody, from a cumulative total of 48 mg in the Phase II trial down to 3.1 mg [101] . At this extremely low dose, anti-CD3 demonstrated no EBV reactivation by viral loads, nor TNF induction and no C-peptide maintenance. The other Phase III trial of anti-CD3 (teplizumab) administered cumulative doses of 4.6-17 mg, with the high dose similar to the Phase II dose level [1] . Because 85% of treated subjects versus less than 10% of placebo group had past EBV infections, the study may have been biased to find an effect in treated subjects as it relates to EBV or at least the possible beneficial effect of EBV cannot be evaluated. Even though this trial did not meet its primary efficacy end point, there was less decline of C-peptide in the high-dose anti-CD3 group compared with placebo, and these subjects almost exclusively had past EBV infections unlike the placebo group.
Taken together, the human clinical trials, as well as the mechanistic studies, suggest that EBV reactivation, through induction of TNF, may contribute to the efficacy of anti-CD3 antibodies. This novel mechanism, which harnesses innate immunity, may be ripe for cultivation with existing or new immunosuppressive agents. The anti-CD3 monoclonal clinical trials and the BCG clinical trial, which monitored acute EBV infection, show the benefit of infections that induce innate immunity by triggering release of host TNF [16] . This point is consistent with the decadesold hygiene hypothesis, which attributes the rise in autoimmunity and allergies to the removal of infections in modern societies [17] . Reintroduction of infections after T1D onset, perhaps with an attenuated EBV for example, may help to restore immune balance.
